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Abstract 
Optical coatings are critical to increase thermal efficiency of solar systems. Selective absorbers increase solar radiation 
absorption and decrease thermal radiative losses. Glass covers, used to protect the absorber and to reduce convective thermal 
losses, require an AR coating to minimize reflection losses and to increase solar transmittance. Generally, single layer AR 
coatings are based on SiO2 where porosity and thickness of the layer are optimized in order to obtain the best optical properties. 
In this paper, sol-gel silica AR coatings are presented where an increase of 5% in solar transmittance combined with high 
mechanical resistance is obtained. For low and medium temperatures in air applications (≤ 300ºC), absorber coatings need to be 
stable at working temperatures and withstand outdoor conditions, such as contaminants, humidity and condensation. A new 
selective absorber, produced by dip coating technique, has been produced with a solar absorptance >94,5% and a thermal 
emittance <5% @ 300ºC. It presents high thermal and environmental durability and it consist of only two layers on top of the 
infrared reflector. Furthermore, a specific deposition process has been developed for industrialization purposes, and real scale 
tubes up to 2 m length have been realized in a pilot plant where specially developed machines permit fine deposition control with 
adjustments for homogeneity and thickness of the layers on different substrates This goal could be achieved thanks to the 
integration of basic research outcomes, state-of-the-art process engineering and high-output industrial requirements. 
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1. Introduction 
It is well known that the optical properties of both antireflective coating and selective absorber determine the 
efficiency of solar thermal receivers. In fact, calculations have shown that the yearly energy produced in a solar 
heating plant, where the temperature of the solar collector fluid is 100ºC, can be increased by about 20% by using an 
antireflective coating on the solar glass cover [1]. On the other hand, the conventional coatings used to prepare 
selective absorbers for low and medium temperature applications, are commercially prepared by PVD technologies 
[2]. These methods require expensive and complicated systems.  
 
Generally, the material used as AR coating on glass is porous silicon dioxide and both sides of the glass are 
covered. The porous structure allows obtaining the low refractive index required (1.23) to achieve zero reflection on 
a glass substrate, at a single wavelength. On the other way, porous coatings usually have poor abrasion resistance 
due to the weak links between both the coating and the substrate and between the porous particles inside the coating, 
nevertheless mechanical resistance is an important point as solar glass cover must withstand erosion processes from 
cleaning, rain, dust particles, etc. 
 
Regarding the selective absorbers, the conventional coatings used in the solar energy industry include: 
electroplated black chrome, which employs Cr–Cr2O3 cermet material and is the most widely used solar absorber 
[3,4]; nickel-pigmented anodic Al2O3, which is produced by electrochemical treatment of an aluminum sheet [5,6], 
the absorber from Sunselect-Alanod, which is also a cermet prepared by sputtering and finally the so-called TINOX, 
which is a sputtered titanium nitride film. 
 
Sol-gel and dip coating techniques are very simple and low cost methods. They do not require sophisticated 
equipment, the coatings can be deposited at ambient pressure conditions and the material consumption are low. 
Moreover, they are easily scalable to large areas maintaining the quality of laboratory conditions. In fact, these are 
the methods commercially used for producing the AR layers on glass tubes [7]. 
 
One of the key parameters on the selective absorbers and antireflective layers is the thickness control. Variations 
in the optimal thickness of the layers can mean important variations in the optical properties. Other important factors 
that should be considered in the scaling up of the processes are the movement stability during deposition and the 
handling of the substrates.  In these technologies, the substrate (glass or metal) is extracted from the dip solution at 
constant rates and variations in the rate and/or in the movement will give place to thickness heterogeneities along the 
coatings. 
    
In this paper, the properties of the AR and spectrally selective coatings developed for low and medium 
temperatures in air applications are shown. Moreover, the process and the machines developed for obtaining 2 meter 
long tubes are presented.  
 
 
Nomenclature 
AR Antireflective  
τs Solar transmittance 
αs Solar absorptance 
εt Thermal emittance 
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2. Experimental 
2.1. Samples preparation and characterization 
Both antireflective and selective absorbers were prepared by dip coating. The preparation consists on the 
application of the liquid solution to the tube by dip coating and subsequent heat treatment. Relative to AR, a 
polymeric solution with a porogen material was used. This solution was applied on both borosilicate glass and soda-
lime glass tubes on both sides. Regarding absorber coatings, two layers on top of one Aluminum infrared reflector 
layer are deposited. Other different infrared reflectors, i.e. tungsten or platinum, are compatible with the absorber 
layers. Aluminum was selected for this study because it presented the best cost and performance balance for low and 
mid temperature applications. The solutions used for preparing both materials are patent pending. 
 
The direct transmittance and hemispherical reflectance spectra were recorded with a NIR–VIS–UV Perkin-Elmer 
LAMBDA 950 spectrophotometer from 300 to 2500 nm. τs and αs have been calculated by using the transmittance 
and reflectance spectra respectively according to standard procedure [8]. The direct AM1.5 solar radiation spectrum 
was taken from ASTM G173-03 [9]. Thermal emittance (εt) was calculated using the hemispherical IR-reflectance 
spectrum and the black body spectrum for 300ºC. IR spectra were recorded from 2500 to 25000 nm (i.e. 4000–400 
cm-1) by means of a NICOLET NEXUS MAGNA IR spectrophotometer with a diffuse gold-coated integrating 
sphere. 
 
The abrasion resistance of the AR coatings was evaluated by using a TABER linear abraser model 5750. An 
Erichsen Washability and Scrubbing Tester model 494, equipped with a microdose pump and a metal holder was 
also used to study the cleaning resistance. The test procedure was according to UNE-EN ISO 11998:2006 [10]. 
2.2. Process and machinery  
Deposition of both antireflective and absorber coatings were obtained by using Zettl Process Technology 
equipments derived from commercially available dip coaters for glass pipes coating (up to 4 m length and 150 mm 
outer diameter) produced by the Zettl company. The specially developed equipment is suitable for indifferently 
treating up to 2 m glass or metal pipes with a maximum outer diameter of 100 mm, and allows careful control of the 
selected extraction speed by means of specific explosive atmosphere proof components and controls. 
 
Thermal treatment of the coated pipes was performed in temperature controlled convective oven where pipes are 
introduced by means of steel racks. Alternatively, the adoption of a radiative oven is also suitable for thermal 
treatment of the coating. 
 
3. Results and discussion 
3.1. Antireflective coatings 
The composition of the glass used as covers in solar systems depends on the application. For example, for 
parabolic troughs, which work at high temperatures, borosilicate glasses are used. This kind of glass satisfies the 
requirements of high transmittance and low coefficient of thermal expansion. However, in other solar applications, 
where lower temperatures are reached, i.e. small collectors for industrial applications, low iron soda-lime glass is 
normally used. This last glass is cheaper than borosilicate and solar transmittance values around 0.915 can be 
obtained by removing the iron oxide from its composition.  In this work, both borosilicate and soda-lime tubes have 
been used as substrates for applying a porous silicon dioxide coating on both sides. The transmittance spectra 
measured before and after coating are shown in Figure 1. 
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Figure 1: (left) transmittance spectra of uncoated borosilicate glass and AR coated borosilicate glass; (right) transmittance spectra of uncoated 
soda-lime glass and AR coated soda-lime glass. 
 
In both cases, the thickness of the coating was adjusted to obtain the maximum transmittance at 600nm. As it can 
be seen in the spectra, an important increase in the transmittance is obtained for both types of glass. The solar 
transmittance values calculated for the bare borosilicate was 0.92, meanwhile a value of 0.973 was obtained after the 
AR deposition. In the case of soda-lime glass, although the starting value of the glass is low (0.915), a solar 
transmittance value around 0.97 was also achieved. Therefore, the deposition of the AR coating increases the solar 
transmittance over 5% in both types of glasses. 
 
The effect of abrasion processes on the optical properties of the coatings has been evaluated with two different 
tests. The Taber test consists on rubbing the dry glass with an abrasive material. The movement of the abrasive is 
along a linear trajectory in both directions on the glass surface. Figure 2 (left) show the transmittance spectra of a 
sample before and after 200 abrasion cycles with Taber equipment. As it can be seen, the transmittance spectra is 
practically the same before and after the test. Neither degradation of the optical properties nor peeling off of the 
coating was produced after the test. 
Figure 2: (left) transmittance spectra of AR coated borosilicate glass before and after Taber test. 200 cycles. (Right) transmittance spectra of 
AR coated borosilicate glass before and after 200 cycles scrubbing test. 
 Michael Zettl /  Energy Procedia  48 ( 2014 )  701 – 706 705
The other abrasion test performed consists on moving a wetted brush that is mounted on a metal holder on the 
sample. A number of cycles are made during which the brush moves linearly and horizontally over the surface and 
water is automatically added. In this way, this test measures the abrasion resistance of AR coating during cleaning 
processes. Figure 2 (right) show the transmittance results before and after 200 cycles. Likewise the Taber test, the 
results report that the optical properties of the coatings are not affected by this cleaning procedure. 
 
3.2. Selective absorber coatings 
The solar absorber developed consists of two different layers deposited on aluminum. The first layer is an 
absorber and the second one is an antireflective layer. The thickness of both layers has been adjusted in order to 
obtain the highest solar absorptance and the lowest solar emittance. The hemispherical reflectance spectrum of the 
two-layer absorber is recorded in Figure 3. The αs calculated from the reflectance spectra is 0.945, meanwhile the εt 
at 300ºC is below 5%. Regarding durability, the presence of moisture and/or water condensation for long periods of 
time could produce degradation of the absorber. In this way, a test developed within the IEA-SHC Task X was 
performed in a climate chamber [11]. The results obtained have shown that the optical properties of the absorber 
have been maintained after the test. 
Figure 3: Hemispherical reflectance spectrum of the selective absorber layer 
 
3.3. Up-scaling of the processes 
Dip coating technology is easily scalable to treat substrates of the desired substrates dimensions thus allowing 
reproducing lab quality coating on real scale components. Dip coating technology also offer the possibility to easily 
coat simultaneously more than one pipe, In the present study a pilot deposition system for up to 2 m length pipes and 
100 mm outer diameter was specially realized, the extraction unit is able to treat indifferently glass or metal pipes 
with up to 4 pipes per extraction. 
 
Nevertheless, when solvents used in the chemical solutions are volatile and flammable, the major peculiarity of 
dip coating systems is, then, the necessity of using explosive atmosphere components and controls, mandatory for 
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the safety of both lab and industrial working environment. For the same reason, particular attention has to be paid in 
the control of the ambient conditions in terms of temperature and ventilation management. 
Concerning the control of other process parameters, extraction speed constancy is the most relevant for ensuring 
the thickness control of the layer and, hence, the optical properties of the final coating. In fact, at a given fixed 
viscosity of the deposition solution, thickness of coating depends only on the extraction speed.  Any minimum 
variation of the extraction speed will result in a different localized thickness of the coating and, consequently, a 
different resulting color. If, on one side, a slight and localized changing of layer thickness may not greatly influence 
the overall optical properties of a coating, the different appearance in terms of colors is, on the other side, a major 
quality issue to consider, especially within industrial production standards. Moreover, when considering an 
industrial production scenario, very diluted solution may be used in order to increase the extraction speed and, thus, 
the industrial output. In these industrial set up where extraction speed may be up to 60 cm/minute the control of any 
vibration of the system that can be transferred to the liquid solution becomes, beside the control of the extraction 
speed, an additional important process issue. 
Another important aspect applying to dip coating technology is the handling of the pipes during extraction and 
before the densification of the layer by thermal treatment. In the dip coated system used in this study a fully 
automated tilting device moving up to 4 pipes per time, only by touching the upper and bottom edges was 
developed. Additionally, a special pneumatic grasping unit operating only on the upper part of the pipes is used to 
handle each pipe during dipping and extraction, the maximum resulting length of non-coated pipe is kept shorter 
than 2 cm anytime. 
4. Conclusions 
Antireflective coatings for solar glass covers and selective absorber coatings were developed at lab scale by using 
sol-gel and dip coating technologies. The deposition of the AR coating produces an increase of 5% in solar 
transmittance in both borosilicate glass and soda-lime glass. The abrasion resistance of the coatings was tested and 
no variation of the optical properties was observed after the tests. Two-layers absorber was deposited by dip coating. 
Solar absorptance over 94,5% and thermal emittance below 5% @ 300ºC were calculated. A dedicated dip coater 
was specially developed in pilot plant scale, peculiar features of such machine are the strict control of the extraction 
speed and of system vibrations, moreover, explosive atmosphere proof components and controls are mandatory to be 
used when are used volatile and flammable solvents in the chemical solutions. Glass and metallic tubes up to 2m 
lengths were successfully coated in a pilot plant for evaluating the up scaling of the process. Similar properties to the 
lab deposited samples were obtained and the possibility to coat larger surface pipes maintaining high performances 
for both antireflective and absorber coating was demonstrated. 
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